We present here an x-ray absorption study of the RFe 2 O 4 series (LuFe 2 O 4 , YFe 2 O 4 , YbFe 2 O 4 , and LuCoFeO 4 ) at the Fe K-edge. Extended x-ray absorption fine structure (EXAFS) and x-ray absorption near-edge structure (XANES) spectra were measured at temperatures ranging from 100 K to 390 K crossing the charge ordering (CO) transition temperatures on both isotropic and oriented powder samples. Unpolarized and polarized x-ray absorption spectra with the x-ray polarization parallel and perpendicular to the hexagonal c axis were obtained separately. The XANES spectra show almost no dependence with either polarization or temperature. This indicates that, in contrast to its average crystallographic structure, the local electronic and geometrical state of the Fe atom is barely anisotropic, and it remains the same above and below the proposed CO. Moreover, the linear combination of two spectra corresponding to the pure ionic states Fe 2+ and Fe 3+ does not fit to the experimental XANES of either LuFe 2 O 4 , YFe 2 O 4 , or YbFe 2 O 4 , discarding total ionic segregation in favor of an intermediate mixed valence state. The maximum charge disproportionation compatible with the XANES spectra is 0.5 ± 0.1 electrons in the whole temperature range. The polarized EXAFS spectra have allowed us to analyze the local structure separating the different contributions mixed up in the polycrystal. Best-fit results show that the five oxygen atoms of the first coordination shell are at nearly the same distance but with a large Debye-Waller factor. Neither the interatomic distances nor the Debye-Waller factors of the first oxygen coordination shell change with temperature, indicating that the dynamical structural distortion of the high-temperature symmetric hexagonal phase freezes upon cooling down. Thus, the local structure instability of the mixed valence is in the origin of the structural transitions.
I. INTRODUCTION
Hexagonal ferrites RFe 2 O 4 have been a matter of deep study in the past [1, 2] but also recently in the search for multiferroic materials [3, 4] . The crystal structure of these compounds belongs to the rhombohedral system with space group R-3m [5, 6] . In the equivalent hexagonal setting, it can be described along the c axis as a stacking of [Fe 2 O 4 ] Ý bilayers, each consisting of two triangular [FeO] Ý planes, separated by close-compact [RO 2 ] Ý layers. The formal valence of the Fe ions is then 2.5 as determined from single-electron counting.
These compounds show different phase transitions coincident with structural changes whose origin was ascribed to the mixed valence state of the iron ion. Despite the RFe 2 O 4 oxides having the same crystallographic structure at temperatures above the phase transitions, the physical properties vary depending on the rare earth atom. LuFe 2 O 4 is the most studied member of this family, since it was proposed to be a multiferroic material [7] . The occurrence of ferroelectricity below 320 K and ferrimagnetism at 240 K would make this compound very interesting due to the possible coupling between these two degrees of freedom [8] . On heating, YFe 2 O 4 shows two metal-insulator transitions at T N ß 240 K and T L ß 220 K that are accompanied by crystal distortions to monoclinic and triclinic, respectively, and below T N the iron ions couple antiferrimagnetically [1, 9, 10] . These transitions show a large thermal hysteresis, and the temperatures shift to * lafuerza@unizar.es T N ß 230 K and T L ß 180 K on cooling. Finally, YbFe 2 O 4 behaves like a bad insulator with a resistivity that increases upon lowering the temperature and shows magnetic ordering below T N ß 240 K [11] .
Both the metal-insulator phase transitions in YFe 2 O 4 and the ferroelectricity in LuFe 2 O 4 have been explained as originating from charge ordering (CO), i.e., electronic localization giving rise to a Fe 3+ and Fe 2+ ionic ordering in the hexagonal lattice. In the case of YFe 2 O 4 , where ferroelectricity was not postulated, the transitions were classified as Verwey-type due to its similarity with the metal-insulator transition in Fe 3 O 4 [12] , for which the octahedral iron atoms also have a formal valence of 2.5. Verwey proposed that above T CO the extra electron is free to jump between different iron sites, giving electrical conduction. Below T CO this electron is localized on the iron sites, impeding its mobility. However, it has been later demonstrated that this Verwey CO model is at odds with the experimental facts in Fe 3 O 4 because the charge distribution is not bimodal and the maximum charge disproportionation found is much lower than one electron [13, 14] . On the other hand, the CO transition in LuFe 2 O 4 was considered to originate electrical dipoles in the geometrically frustrated triangular Fe lattice that would give rise to ferroelectricity [15] . For YbFe 2 O 4 , also thought to be a candidate for multiferroicity, an incommensurate CO ordering has been proposed to occur below T CO = 305 K [16] . Remarkably, no sharp discontinuities like those in YFe 2 O 4 are observed in the electrical conductivity at the CO transition in either LuFe 2 O 4 or YbFe 2 O 4 [17] .
Although a large number of papers have been published trying to explain the mechanism of multiferroicity originating from CO in LuFe 2 O 4 [3, 15, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , recent experimental works indicate that it is not ferroelectric. On one hand, the claimed colossal dielectric constants are spurious effects originating from the electrical contacts [37] [38] [39] , and on the other hand, LuFe 2 O 4 does not show spontaneous electrical polarization, as has been proved by electrical polarization measurements [39] . Although the occurrence of ferroelectricity can be discarded in LuFe 2 O 4 , the structural phase transition at T CO 320 K is still considered to originate from Fe 3+ /Fe 2+ CO. Resonant x-ray scattering (RXS) experiments at the Fe K-edge of the principal observed superstructure (1/3, 1/3, half-integer) reflections seem to support this assumption, but the analysis performed by either Ikeda et al. [7] or Mulders et al. [40] are merely qualitative, using a generic structure factor without considering any charge order sequence. Other authors have shown that the CO involves charged, rather than polar, bilayers with four different iron valences, but with values that are still grouped in a bimodal distribution of two different iron atoms, referred as Fe 3+ -and Fe 2+ -like [27] . X-ray absorption spectroscopy (XAS) at the transitionmetal (3d) K-edges has been important in elucidating charge disproportionation and local structural changes in many mixed-valence transition-metal compounds displaying CO. The ability to determine the valence state results from two facts: the XAS spectrum of a sample with mixed chemical species corresponds to the incoherent addition of the individual XAS spectra of each species, and the x-ray absorption near-edge structure (XANES) region of the XAS spectrum is strongly sensitive to the formal oxidation state of the absorbing atom. The main absorption edge in the XANES spectrum shifts to higher energy with increasing oxidation state (chemical shift) [41] . Because of this chemical shift of some few electron volts between different ionic states, Mn K-edge and Fe K-edge XANES have been successfully used to demonstrate the absence of a bimodal distribution of either Mn 3+ and Mn 4+ ions in manganites [42] or Fe 3+ and Fe 5+ ions in the La 1−x Sr x FeO 3 series [43] , respectively. Moreover, the extended part of the XAS spectra [i.e. extended x-ray absorption fine structure (EXAFS)] provides geometrical information on the neighboring atoms surrounding the transition-metal atom in a time scale shorter than that of lattice vibrations. Consequently, EXAFS can distinguish thermal and structural disorder in the local structure and has been fundamental to determining the order-disorder structural character of most of the so-called CO transitions in the mixed-valence transitionmetal compounds [43] [44] [45] .
This background motivates the present Fe K-edge XAS study across the CO transitions in the mixed-valence RFe 2 [9, 38] and to check the quality of the samples. Figure 1 shows the temperature-dependent heat capacity of the three studied RFe 2 O 4 (R = Lu,Y,Yb) samples, where anomalies originated by the different CO and magnetic phase transitions are observed at temperatures close to those expected for stoichiometric samples.
Highly oriented pellets were obtained by mixing the polycrystalline powders with an epoxy resin and then allowing the mixture to solidify in a magnetic field of about 1 tesla at room temperature. After this process, the resulting pellet became oriented with the hexagonal c axis parallel to the magnetic field. Following this procedure, two different types of oriented pellets were prepared having the c axis either within or normal to the pellet surface. Figure 2 compares the XRD patterns of isotropic LuFe 2 O 4 and an oriented pellet with the c axis normal to the pellet surface. We observe that only peaks associated with the (00l) reflections are seen in the oriented sample, guaranteeing a degree of orientation greater than 99%. XAS measurements were carried out at beamline BL22-CLAESS [46] of the ALBA synchrotron radiation facility. The incident beam was defocused to give a spot size of H × V ß 1.5 × 0.7 mm 2 , allowing averaging of a big sample area. A Si(111) double-crystal monochromator was used, although the Si(311) double-crystal monochromator was also checked with no appreciable differences in the spectral features. The quick energy-scanning mode was employed for recording the spectra with typical acquisition time per point of about 0.5 s. XANES and EXAFS spectra were recorded at the Fe K-edge (7112 eV) in transmission mode using ionization chambers as detectors. An iron foil was measured simultaneously for energy calibration. XAS measurements were performed at temperatures ranging from about 100 K to 390 K using a liquid nitrogen cryostat. On one hand, nonpolarized XAS measurements were undertaken on pellets of powder samples prepared by dilution with cellulose to get a jump at the edge of about 1. On the other hand, polarized XAS spectra were measured on the oriented pellets with the x-ray polarization vector E parallel and perpendicular to the hexagonal c axis. The thickness of the oriented pellets was also optimized to get a good signal to noise ratio. Additionally, XAS measurements as a function of temperature on pellets of polycrystalline LuFe 2 O 4 (187-290 K), YFe 2 O 4 (160-265 K), and LuCoFeO 4 were also performed in transmission at the SAMBA beamline of the SOLEIL synchrotron. In this case, a Si(220) double-crystal monochromator was used, and the spectra were also recorded in the quick energy scanning mode [47] . Both XANES and EXAFS unpolarized spectra were equal to those measured at CLAESS. XANES spectra were normalized by first subtracting the linear pre-edge contribution and fixing the jump to 1 at values well above the absorption edge. The Fourier transforms (FTs) of the EXAFS signals were calculated for a k-range typically of 1.5-12Å −1 using a sine window. The EXAFS structural analysis was performed using theoretical phases and amplitudes calculated by the FEFF-6 code [48] , and fits to the experimental data were carried out in R-space with the ARTEMIS program (version 0.8.12) of the IFFEFIT package [49] .
III. RESULTS

A. XANES spectra
Figure 3(a) shows normalized Fe K-edge XANES spectra of the mixed-valence RFe 2 O 4 (R = Lu,Y,Yb) and LuFeCoO 4 compounds recorded at room temperature for the two orientations between the polarization vector E and the crystallographic c axis (E//c and Ec). The first derivatives of the spectra are plotted in Fig. 3(b) . The nonpolarized spectra have been also included showing good agreement with the weighted addition (1/3)E//c + (2/3)Ec. We first note the strong similarity in the spectral line shape of the nonpolarized XANES among the different compounds including LuFeCoO 4 , where the iron atom has formal valence 3+. The major difference is the energy position of the main absorption edge. The latter is identical for the mixed-valence RFe 2 O 4 samples, as expected from the same formal valence state 2.5+, but it is shifted by about 2 eV to higher energy for LuFeCoO 4 , as is deduced from the maximum of the derivative spectra in Fig. 3(b) . The other clear difference is the presence of a distinct feature at the pre-edge located around 7112 eV in all the mixed-valence RFe 2 O 4 compounds [marked by an asterisk in Fig. 3(b) ], which is absent in LuFeCoO 4 . Only the feature located at 7114 eV is present for all the studied ferrites. We assign the two peaks to the 3d 5 and 3d 6 configurations of the mixed valence iron state. The Fe in the hexagonal RFe 2 O 4 ferrites is surrounded by an oxygen bipyramid of triangular basis with three oxygen atoms (d Fe-Obasal = 2.00Å) located in the ab plane and one above (d Fe-O1ap = 1.95Å) and one below (d Fe-O2ap = 2.2Å) along the c axis [5, 6] . Thus, the polarized Ec and E//c XANES spectra represent the projected density of empty p states in the basis and along the axis of the bipyramid, respectively. Although the FeO 5 local structure is strongly anisotropic, the spectral line shape of the polarized E//c and Ec XANES is almost identical to each other, and there is almost no energy shift (<1 eV) between the two polarizations [ Fig. 3(a) ]. The main differences are found in the intensity of the pre-edge features and the white line. The prepeaks, characteristic of the quadrupolar 1s-3d transitions, are smaller for E//c than for Ec, but the opposite occurs for the white line resonance. This behavior is general for all the studied hexagonal ferrites, independent of both the type of R atom and the iron formal valence. In order to gain new insights into the polarization dependence of the XANES experimental spectra, we have carried out multiple-scattering (MS) simulations with polarization analysis, distinguishing contributions along and perpendicular to the hexagonal c axis for the LuFe 2 O 4 compound. Theoretical calculations of the XANES spectra at the Fe K-edge of LuFe 2 O 4 were performed using the FDMNES code [50] in the MS real-space approach within the muffin-tin (MT) approximation for the potential. The exchange-correlation part of the potential was taken as the real Hedin, Lundqvist, and Von Barth potential, and the spectra were convoluted using an appropriate Lorentzian function. The high-temperature rombohedral crystal structure of LuFe 2 O 4 [6] was employed to obtain the atomic positions. Figure 4 compares the calculated XANES spectra obtained for a cluster radius of 6Å around the Fe atom (about 70 atoms) to the corresponding experimental polarized XANES spectra for both, E//c and Ec polarizations. The simulated spectra nicely reproduce the minimal differences observed between the two polarized experimental spectra, confirming the lack of strong anisotropy in the local structure around the Fe atoms.
One of the key points in this study is to determine whether the proposed bimodal distribution Fe 2+ /Fe 3+ can describe the experimental XANES spectra. Since the phenomenology is identical for the three mixed-valence RFe 2 O 4 (R = Lu,Y,Yb) compounds, we will focus the discussion exclusively on [51] . However, our attempts to obtain it were unsuccessful, and we always found a mixture of phases, including LuFe 2 O 4 , in our specimens. Since the main difference between XANES spectra of different ionic states with similar local structure geometry (that is the FeO 5 bipyramid) comes from the chemical shift of the absorption edge, being that their spectral shape is alike because it mainly depends on the local structural geometry [52] , we have performed two simulations. The first one uses the XANES spectra of LuFeCoO 4 as reference for the hexagonal (space group R-3m) structure, while the second one makes use of the LuFe 2 O 4 XANES spectra. This approach is particularly accurate at the energy region of the rising edge where the absorption cross section monotonously increases. In the first case, we have taken as reference of Fe 2+ the LuFeCoO 4 (Fe 3+ ) spectrum shifted by 2 E = 1.5 and 4 eV (chemical shift between Fe 2+ and Fe 3+ [41] ). In the second case, the LuFe 2 O 4 spectrum has been shifted symmetrically ± E = 0.5, 1, 1.5, and 2 eV. Figure 5 shows the simulations resulting from the 1:1 linear combination of the XANES spectra of LuFeCoO 4 Fig. 3 .
The XANES spectra of RFe 2 O 4 were recorded at temperatures below and above the phase transitions without finding any changes. This fact means that the charge and geometrical distribution of the iron atoms in these compounds remains unaltered in the different phases. Due to the very short interaction time of the photoabsorption process, this can be explained by a dynamical distribution above the transition temperature and a static distribution below the so-called CO. Fig. 7(a) . The first main isolated peak corresponds to the first-neighbors coordination shell, which is a bipyramid with five oxygen atoms, three in the hexagonal equatorial plane and two along the crystallographic c axis. Following the main peak, a second structure is also observed between 2 and 4Å, which includes mixed contributions from the next neighbors: Fe (Fe/Co in the LuFeCoO 4 case), R ( = Lu,Y,Yb), and second-shell oxygen atoms. The intensity of the FT is larger for the reference compound LuFeCoO 4 compared with the mixed-valence RFe 2 O 4 compounds. This fact indicates a more distorted local structure around the iron atom for the mixed-valence compounds, involving not only the first, but also further, coordination shells.
B. EXAFS spectra
The polarized EXAFS spectra are very useful in this case to discriminate the individual contributions of each type of surrounding atoms that otherwise are overlapped in the nonpolarized data. As a matter of illustration, Fig. 7(b) shows the modulus of the FTs of the k-weighted EXAFS spectra for the two measured polarizations E//c and Ec compared with the modulus of the polycrystal for LuFe 2 O 4 at room temperature. It is clear from the polarized EXAFS data that the strong contribution from the Fe-Fe ⊥c pair within the hexagonal equatorial plane is suppressed in the E//c FT spectrum, whereas the Fe-Fe //c and Fe-Lu //c apical bonds are mostly suppressed in E⊥c. For simplicity, we have adopted the hexagonal crystallographic structure (space group R-3m) common for all ferrites at high temperature to calculate theoretical amplitudes and phases for each scattering path up to 4.6Å, including the first Fe-O and the second Fe-Fe(R) coordination shells. The polarized EXAFS spectra were then fit using the Artemis program [49] with effective fixed coordination numbers calculated, taking into account the angle between the x-ray polarization vector E and the position vector associated with the Fe bond with each neighboring atom j , R j [53] . For the first coordination shell, this means that only the two apical oxygen atoms contribute to the E//c spectra (bonds to the equatorial O atoms are orthogonal to E) but with an effective coordination number N eff = 6 given by N eff = N j × 3 cos 2 θ , with θ the angle between the Fe-O bond vector and the crystallographic c axis. Correspondingly, only the three equatorial oxygen atoms contribute to the Ec spectra with N eff = 4.4 given by N eff = N j × 3/2 sin 2 θ . The analysis procedure followed first fit the polarized EXAFS spectra and then simulated the nonpolarized spectrum with the structural parameters obtained in the previous fits to check the coherence of the method. The variables in the fits were the interatomic distances R j and the Debye-Waller (DW) factors σ 2 j . The amplitude reduction factor S 2 0 was fixed to 0.7, the value obtained for the reference compound LuFeCoO 4 . The threshold energy E 0 was also permitted to vary in the fitting process, being very similar for the different samples and polarizations ( E 0 5 eV). Figure 8 shows the comparison between best fit and experimental spectra for the polarized data and the resultant simulation of the nonpolarized spectrum compared with the polycrystal in terms of both the moduli of the FTs of the k-weighted EXAFS [ Fig. 8(a) ] and the Fourierfiltered spectra in k-space [ Fig. 8(b at room temperature are given in Table I . We observe that the average Fe-O (apical) bonds of the FeO 5 bipyramids are significantly lower than the average crystallographic Fe-O distance (ß2.08Å) given for the hexagonal structure from diffraction studies [5, 6] , although it approaches the value of the shorter Fe-O bond along the c axis. However, the correspondingly high σ 2 factors indicate the presence of a spread of distances. Taking into account our experimental limitations, we cannot rule out the possibility of two distances with a maximum distortion of 0.1Å. This distortion is also in contrast to the strong apical distortion of 0.25Å obtained from crystallography for the hexagonal phase [5, 6] . In the case of LuFe 2 O 4 , which is already in the CO monoclinic phase at room temperature, a plausible explanation could be the presence of different distortions along the c axis for the four distinct crystallographic Fe sites that results in a reduced average apical distortion. However, we note here that the discrepancy in the magnitude of the apical distortion between the EXAFS and the crystallographic data also occurs for all the remaining RFe 2 O 4 ferrites, including the reference LuFeCoO 4 compound, which show the hexagonal crystallographic structure at room temperature. The presence of distortions is not expected in those cases. On the other hand, the average distances for the Fe-O (equatorial) bonds agree much better with those obtained from x-ray diffraction [5, 6] . Regarding the σ 2 factors, they are anomalously high (ß3×) for mixed-valence RFe 2 O 4 ferrites compared with LuFeCoO 4 (see Table I ). This provides direct evidence that the triangular basis of the FeO 5 bipyramids is distorted in the mixed-valence ferrites due to the presence of a mixed-valence state for the Fe atom. We estimate the maximum distortion in the equatorial plane to be about 0.1Å.
The temperature dependence of the EXAFS spectra has been also studied in these mixed-valence RFe 2 O 4 (R = Lu,Y,Yb) samples. The modulus of the FT of the k-weighted EXAFS spectra for the polycrystalline samples at different temperatures is displayed in Fig. 9 . The very weak temperature dependence of the intensity of the first oxygen shell indicates nearly the same distortion of the FeO 5 bipyramids in the temperature range studied for each of the samples. However, Since there are no significant changes in the position of the FT peaks with T either, the experimental data have been fitted, keeping the interatomic distances at the values found in the best fits at room temperature (see Table I ) and refining only the σ 2 factors. Figure 10 2 factors of the Fe-Fe distances also shows a discontinuity at around T CO , stronger for the equatorial Fe atoms (Fig. 10) . Finally, the σ 2 of the Fe-R distance (R = Lu,Y,Yb) increases continuously with temperature for the three compounds (not shown). These results indicate that the local distortion of the FeO 5 bipyramids is almost temperature-independent in the whole temperature range measured here and that the CO phase transitions measured by diffraction and DSC macroscopic techniques are due to the loss of coherence in the ordering of these distortions on heating above T CO (i.e., they are mainly of order-disorder character).
In order to go further at resolving small structural changes in either interatomic distance R j or σ 2 j at the CO transition in YFe 2 O 4 beyond the sensitivity of the previous analysis, we have evaluated the differential EXAFS signals (DEXAFS) obtained from subtraction between pairs of k 2 χ (k) EXAFS spectra measured at consecutive temperatures. We have chosen for this analysis the sample YFe 2 O 4 , where a large variation in the σ 2 factors is obtained. As expected, the maximum variation observed in the DEXAFS signals corresponds to the spectra at temperatures just above and below the CO phase transition (see Fig. 11 ), showing a signature of the structural change. The FT of the differential signals (not shown) show peaks corresponding to both the oxygen first coordination shell and the Fe, Y, and O second shell. Therefore, the phase transition is also driven by the motion of atoms beyond the oxygen first coordination shell. In order to estimate the magnitude of the structural changes, we have followed the procedure given previously by Ruffoni et al. [54] , noting that the method can only be applied separately to a single shell contribution. Therefore, we have estimated the changes associated with the first coordination shell by comparing the maximum DEXAFS signal with the original EXAFS at one selected temperature. Between high-and low-temperature-averaged EXAFS spectra, we obtain variations in the Fe-O interatomic distance and σ 2 factor of R Fe-O ß 0.01Å and σ 2 for E//c spectra. This result indicates that the main instability lies on the hexagonal plane in agreement with the results obtained from the conventional EXAFS analysis. Therefore, in general and even for YFe 2 O 4 , where the local structural changes at T CO are more pronounced than for the other mixed-valence ferrites, the variation of the average local disorder and the Fe-O distance at the phase transition is very weak.
IV. DISCUSSION AND CONCLUSIONS
The present Fe K-edge XAS study has allowed us to get a unified picture of the electronic and local structure around the Fe atom in the RFe 2 O 4 ferrites. First, the XANES spectral features among the three mixed-valence RFe 2 O 4 (R = Lu,Y,Yb) compounds are very similar to each other, independent of the rare earth atom and temperature. Furthermore, they cannot be reproduced by the weighted [7, 40] in LuFe 2 O 4 that were considered to support the existence of Fe 2+ /Fe 3+ CO. Let us comment shortly on the limitations of the reported RXS analysis. Satellite reflections (h/3, k/3, l/2) that appear in the low-temperature CO phase come from a strong nonresonant Thomson scattering plus the energy-dependent anomalous term. When the Thomson scattering is larger than the anomalous contribution, the intensity of the reflections (I hkl ) is well described by the linear interference between the Thomson scattering (F 0 ) and the real part of the anomalous Fe scattering factor (F (E)); that is,
Mulders et al. [40] do not determine either the Thomson scattering or the α parameter that is given by the CO model and the crystallographic structure. Otherwise, they fit these two parameters as a unique parameter in their model and fix the chemical shift (charge disproportion). We note that a strong correlation exists between the chemical shift and the αF 0 term. In fact, the charge disproportion term can be written as
× E. Therefore, the same quality of the fit can be found with different E values if the product α·F 0 is a free parameter. Summarizing, previous RXS studies have shown that charge segregation exists in the low-temperature CO phase, but it is impossible to determine the value of this charge segregation without a quantitative analysis including the structure factor of the exact CO sequence. Similar preliminary studies were shown in the past for manganites [55] that were later amended [56, 57] . The occurrence of integer valence segregation in mixed-valence transition-metal oxides seems to be an exceptional fact, since the charge disproportionation associated with their CO transitions are generally small fractions of one electron [58] .
The local structure around the Fe atoms in the mixedvalence RFe 2 O 4 (R = Lu,Y,Yb) compounds is well described by a single average Fe-O distance with an anomalously high DW factor in the whole temperature range. The DW factor of each scattering path is the mean standard deviation of the average interatomic distance and includes contributions from both thermal vibrations and local distortions. The thermal vibration contribution decreases when lowering the temperature, so the presence of large DW factors in the low-temperature phase is a clear signature of the presence of local distortions. This average dispersion can originate from the presence of four distinct crystallographic sites for the Fe atom with slightly different average Fe-O distances, but the maximum distortion among them must be within the standard deviation given by the DW factor. The fact that a large DW factor is also obtained for the high-temperature undistorted phase indicates that the local environment around the Fe atom is also locally distorted, but dynamically and the structural transition is of order-disorder type. Polarized EXAFS data indicate that the obtained average Fe-O interatomic distances are nearly the same for the triangular basis within the ab plane and along the c axis of the FeO 5 bipyramid, which agrees with the fact that polarized XANES spectra does not show any significant chemical shift between the two E//c and Ec polarizations. The maximum distortion either in the ab plane or along the c axis resulting from the DW factor is found to be small (ß 0.1Å). The lack of a strong distortion along the c axis of the bipyramid also applies to LuFeCoO 4 with only formal Fe 3+ and it is a surprising result, which contrast to the strong apical distortion expected from the crystallographic hexagonal structure. On the other hand, LuFeCoO 4 shows a regular oxygen environment in the triangular basis of the bipyramid. Therefore, the CO transitions in the mixed-valence ferrites are mainly related to the distortions within the ab plane.
The absence of a ionic Fe 3+ /Fe 2+ segregation in the lowtemperature CO phase for the three studied ferrites together with the order (static local distortions)-disorder (dynamic local distortions) character of the CO transitions agree with the Mossbauer studies on these samples [17, 33] . These studies conclude that the iron atoms fluctuate between two charge states, which are neither 2+ nor 3+ in its literal meaning. In our description, the charge at the iron site fluctuates above T CO , giving rise to a dynamical disproportion that is also followed by the local geometrical structure, and it is frozen at the iron sites below T CO . The only question that remains open is whether the charge distribution is bimodal or multimodal, taking into account that the low-temperature phase of LuFe 2 O 4 has the C/2m monoclinic symmetry with four distinct iron sites, which suggests four different charged iron atoms [27] .
Summarizing, we can conclude that the iron atom in the hexagonal structure of the RFe 2 O 4 compounds is highly unstable, the local structure being different from the average crystallographic structure. This local structure instability is consistent with a distribution of distorted bipyramids giving rise to an inhomogeneous distribution of local charges. When cooling down, these distortions become ordered, decreasing the crystal symmetry. The ordered sequence and the resulting symmetry of the low-temperature phase depend on the composition (type of R cation) and oxygen stoichiometry. In this way, for LuFe 2 O 4 and YFe 2 O 4 , below T CO , different fractional charges are localized in the lattice giving rise to an ordered sequence of charges, and larger discontinuities are observed in the crystal structure. On the contrary, a random distribution [59] or an incommensurate ordering seems to occur for the YbFe 2 O 4 compound [16] , which remains in the hexagonal crystallographic structure even at low temperatures. Finally, the local structure instability should have an important role in the electrical properties, but their correlation with the kind of charge order is a matter of future studies.
